Abstract-Here we describe the fabrication, testing, and improvement of glutamate sensors in direct contact with dorsal root ganglion cells for short-term tissue culture experiments. To establish the feasibility and utility of placing enzymatic glutamate sensors directly under cells in culture, we address the necessity of increasing sensor sensitivity, increasing sensor lifetime, minimizing disruption of cells in culture, and of the spatial resolution seen with sensors directly under cells based on these results.
I. INTRODUCTION
As cell culture based organ diagnostic platforms become more advanced, growing in size and cellular complexity, the diagnostic sensors on these platforms must also advance to provide feedback on the spatial and temporal chemical interactions occurring in tissue.
Current chip-based diagnostic sensors [1, 2] sample chemical levels in effluent from tissue systems resulting in signals that are an average of chemical release over minutes in microliter to milliliter volumes. For simple, single-cell population tissue platforms these sensors provide adequate information on the chemical dynamics of the cell population, but to understand tissue cultures of increasing complexity a higher spatial and temporal resolution is important. Chemical sensors located directly under cells could provide the resolution necessary to understand the chemical signaling that drives and differentiates the cellular activity of complex cultures. Integration of these chemical sensors directly underneath cells comes with many challenges, including chemical sensor lifetime, sensitivity and any effects the chemical sensor surfaces may have on cell health.
Glutamate is a nonelectroactive neurotransmitter that can be indirectly detected electrochemically using an enzymatic sensor that breaks down glutamate into electroactive species [3] [4] [5] .
Changes in extracellular glutamate indicate regulation and dysregulation of cellular function and can serve as a marker for normal cellular activation or cellular damage and distress. Electrochemical sensors directly under cells provide added temporal and spatial resolution that enables collection of detailed information about the modulation of normal glutamate signaling seen in neuronal disorders.
II. METHODS

A. Device Fabrication
The microelectrode array consisted of 16 gold disc electrodes: 8 microelectrodes (~20 µm diameter) and 8 macroelectrodes (~249 µm diameter). The fabrication and final design of the multielectrode array (MEA) has been described previously [6] and is shown in Fig. 1 . Four inch SiO2 wafers were coated with 20 nm of titanium followed by 250 nm gold using sputter deposition, then the contact pads, traces, and electrodes were patterned using standard photolithography. VM652 adhesion promoter followed by 2 μm of polyimide (PI) was applied using spin-coating and then cured at 375°C. The PI was then anisotropically dry etched using O2 plasma to expose the contact pad and electrode regions, leaving the PI as insulation for the individual metal traces that act as the connections between each gold electrode and its individual contact pad.
Once diced, a polystyrene well was attached to each device to create a cell culture region directly over the electrodes. An Omnetics connector was attached to the gold contact pads of each device using silver epoxy. This formed a reliable, consistent ohmic connection to each individual electrode over the relevant performance range. Electrodes were then modified as described in results.
All electrodepositions were performed with a Bio-logic potentiostat, using a Ag/AgCl reference and platinum (Pt) wire counter electrode. The large on-chip counter and ground electrodes were electroplated with platinum black using a 192 mg/L sodium hexachloroplatinate IV hexahydrate salt dissolved in 0.1M nitric acid. Sensor membranes were deposited using a custom made microsyringe (Hamilton) and allowed to air dry, away from light for a minimum of seven days before sterilization and testing. Before cell seeding, devices were UV sterilized for two hours. Chemical testing of glutamate sensors under cell cultures was performed using the FAST amperometric system (Quanteon). Before testing, media was removed from the device and replaced with 200 µL sterile phosphate buffer. For injections, 5 µL of 0.8 mM glutamate dissolved phosphate buffer was pipetted into the device well to increase the concentration of glutamate in the device to 20 µM. Devices were kept on a heater (Tokai Hit) at 37°C for the duration of testing.
B. Dorsal Root Ganglion Culture
All animal experiments were conducted following the guidelines and regulations set by Lawrence Livermore National Laboratory, including IACUC approval. Primary rat dorsal root ganglion (DRG) neurons were obtained from 4-8 week old male Sprague Dawley rats (Harlan). After isolation, neurons and supporting glia were seeded onto poly-D-lysine/laminin-coated MEAs and incubated at 37°C and 5% CO2. Cells were maintained by replacing half of the growth media (DMEM F-12 supplemented with 10% fetal bovine serum, 50 ng/mL of nerve growth factor, 2% Gem21 and 10 μg/mL gentamicin) every three days. Cell health was assessed with a cell viability indicator (Thermo Fisher) and propidium iodide (Sigma Aldrich) to visualize live and dead cells, respectively. Fluorescence was quantified using cellSens Dimension (Olympus).
III. RESULTS & DISCUSSION
A. Improvement of hydrogen peroxide detection
Since glutamate is not electroactive, it cannot be directly detected with an electrochemical sensor. Instead, enzymatic sensors indirectly detect changes glutamate via enzymatic H2O2 production that occurs only in the presence of glutamate. Thus, to increase the sensitivity of our sensors, the electrode material and sensing parameters were optimized for electrochemical H2O2 detection, the indirect marker of glutamate's presence in the region. The MEAs used in this study were sputtered gold, with H2O2 sensitivity of 382 ± 31 nA µM ) and macro (49,000 µm 2 ) gold disc electrodes. To increase the sensitivity of these electrodes to H2O2, three different materials were tested for their effectiveness as H2O2 sensors: iridium oxide [7] , poly(3,4-ethylenedioxythiophene) (PEDOT) [8] and electrodeposited Pt thin film. Electrodeposition of the Pt thin film included three deposition cycles from -0.3V to 1.5 V (vs Ag/AgCl) at 100 mV/s in the same solution used to plate platinum black on the on-chip reference and ground.
Iridium oxide (1017 ± 78 nA µM ) both increased the sensitivity of the micro electrodes about 150% over sputtered gold. As expected [9] , the electrodeposited Pt thin film was the most sensitive to H2O2 out of all materials tested, even sputtered platinum.
The electrodeposited Pt thin film (2227 ± 129 nA µM
) increased the sensitivity of the gold microelectrodes by 480% without significantly increasing the surface height of the electrodes.
After deposition of Pt to increase sensitivity to H2O2, meta-phenylenediamine (mPD) was electrodeposited on the same sites to increase the selectivity of the sites for H2O2. To deposit mPD, electrodes were cycled in 5 mM mPD between 250 mV and 750 mV at 50 mV/s for 15 or 69 cycles for the micro or macro electrodes.
Finally, deposition of glutamate oxidase (GluOx) membrane (1% GluOx, 1% (wt) BSA, and 0.125% (wt) glutaraldehyde) or the control membrane (1% (wt) BSA and 0.125% (wt) glutaraldehyde) onto individual electrodes occurred within 24 hours of mPD deposition [5] . From here on, "glutamate sensor" refers to the following layers: sputtered gold, electrodeposited Pt thin film, electrodeposited mPD, and enzyme.
B. Glutamate sensor performance
Performance of the macro and micro glutamate sensors was tested in phosphate buffered saline (pH 7.3). The values presented are from three electrode experiments, where an applied voltage of 700 mV (vs Ag/AgCl) was used. The micro and macro sensors showed a linear response to increasing concentrations of glutamate from 2 µM to 500 µM (Fig. 2) . The sensitivity for glutamate over the linear response region was 7.5 ± 0.1 nA µM for the macro-sensors (n=12). The biosensors showed no current response or change in glutamate sensitivity to ascorbic acid, dopamine, KCl, capsaicin, or saline. Fig. 3 shows the current response to increasing concentrations of glutamate and possible interferents.
To determine the sensitivity and robustness of the glutamate biosensors to glutamate with cultured cells, the culture was exposed to 20 µM increases in glutamate and responses over time monitored. On day in vitro 3 (DIV3) the sensitivity of the integrated glutamate biosensors decreased by about a third (0.6 ± 0.1 nA µM -1 mm-2, n=9), compared to the response measured with no cells present. This decrease in glutamate signal was mainly due to fouling of the sensor surface by compounds in cell culture media. This was confirmed with in vitro fouling tests where devices were calibrated immediately before and after 24 hour incubation in cell culture media without cells. A 40% decrease in sensor response to H2O2 in addition to a 70% decrease in sensor response to glutamate was observed (n=6). This decrease in response after just media incubation indicates that components in the medium are responsible for the rapid in vitro loss in sensitivity, not a cell excreted metabolite.
In addition, the electrode fouling was reversible; submersion of the sensors in DI water for 48 hours restored the sensors sensitivity to pre-fouled levels (t-test to 95% confidence). Breakdown of H2O2 occurs during sensor operation and further accelerates degradation of sensor performance [4] . This means it is likely that continuous operation of the sensor may further reduce sensor lifetime but this was not verified with our current detection platform which does not provide realtime continuous recording from sensors.
Given the large decrease in sensitivity seen in the presence of cell growth media, determination of glutamate changes around the micro-sensors becomes difficult due to their smaller surface area for H2O2 creation and detection. However, the macro-sensor electrodes, are still able to create detectable signals that can provide helpful feedback about cellular behavior, as shown by other groups who have used sensors with similar or lower sensitivity [10] . To test sensor functionality in cell culture, buffer and glutamate were added to the culture, to calibrate the sensors and monitor cellular responses in a single experiment. Figure 4 shows the responses of two sensors on the same device to the addition of the control solutions. Note that the sensors show a rapid, high concentration spike in glutamate concentration immediately after a glutamate injection. These immediate increases in glutamate concentration were only observed on devices seeded with DRGs. Devices containing glutamate sensors in the absence of DRGs (n=2, not shown) did not show the rapid concentration spike and instead show slower concentration changes before reaching the plateau concentration.
In all cases, the plateau concentration seen a few minutes after each injection in Fig. 4 was recorded as a sensor's response to a 20 µM increase in glutamate. The rapid concentration spike before this plateau is attributed to a combination of glutamate diffusion through the culture well and DRG culture stimulation, since the spikes were greatly diminished on control devices lacking cells. There was no correlation between the spike amplitude, method of drug application, or concentration of glutamate already present in culture (n=12). Further investigation is necessary to elucidate the mechanism responsible for these high concentration glutamate events in DRG cultures, but their detection and differing response profiles (Fig. 4B) on electrodes a few hundreds of micrometers apart on the device illustrate the utility of working to integrate chemical sensors directly under cells in platforms to measure spatial and temporal resolution of chemical dynamics.
In addition, the heterogeneity of responses seen here resemble responses seen for other cultures on glutamate sensor MEAs [11] .
C. DRG cell viability
A concern with enzymatic sensors directly under cells is the risk of damage to the cells by the H2O2 produced in the breakdown of glutamate by GluOx [12, 13] . This is of particular concern because the culture media contains 47 µM l-glutamic acid, so the sensors are always generating H2O2. To minimize H2O2 diffusion back into the culture, another membrane containing catalase, which breaks down H2O2, was deposited between the GluOx membrane and the cells [14, 15] . To determine if the protective catalase membrane protects the cells from damage, cell health was compared in four regions of MEAs (n=5) covered with four different sensor membranes: i. glutamate sensor membrane, ii. glutamate sensor membrane covered with a Glutamate sensitivity on macro (black) and micro (grey) sensors was linear for glutamate concentrations from 2 µM to 500 µM. The inset shows deviation from linear responses seen starting at the increase in glutamate concentration from 500 µM to 1000 µM. Fig. 3 .
Comparison of current responses to amperometric glutamate sensors 250 µm (black) and 20 µm (grey) in diameter to injections of 10 µM glutamate (GLU) and potential interferents, 10 µM dopamine (DA) and 125 µM ascorbic acid (AA). The inset indicates which electrodes are responsible for each characteristic calibration response.
catalase membrane (1% (wt.) BSA, 0.125% (wt.) glutaraldehyde, and 2% (0.2 U/µL) catalase in DI H2O), iii. catalase membrane alone, and iv. control sensor membrane. Figure 5 shows DRG cells on a device with these four sensor types. At DIV6 of DRG cell culture on these devices, the cells were live-dead stained to assess cell viability (Fig. 5B) . Live cells were stained green and dead cells red and the ratio of live-to-dead cells compared between the different quadrants of the device to determine if there were more dead cells around one coating type. Autofluorescence of the enzyme immobilization matrix (BSA and glutaraldehyde) can be seen in all conditions and was assumed constant for all conditions since equal volumes of membrane were deposited in each region. There was no statistically significant difference in the ratio of liveto-dead cells on and around the control, catalase, or glutamate & catalase membrane regions (t-test to 95% confidence assuming unequal variances).
There was however a significant difference between the ratio of liveto-dead cells on the i. glutamate membrane and the iv. control cells (**, t-test to 95% confidence assuming unequal variances) and the i. glutamate membrane and ii. glutamate membrane with the catalase membrane (**, t-test to 95% confidence assuming unequal variances). In both cases, the glutamate membrane regions had a smaller live-to-dead ratio than the control or glutamate & catalase membrane regions. This indicates that a glutamate sensor with this extra catalase membrane decreases cell death on the MEA.
The enzyme loading of catalase membrane used in this study still requires optimization however; glutamate sensors that include this protective layer show a 79% decrease in glutamate sensitivity and 21% decrease in H2O2 sensitivity when calibrated in phosphate buffer. The differing changes in the H2O2 sensitivity depending on the source of H2O2 likely has to do with the high turnover rate of catalase [16] [17] [18] and the enzyme loading of each enzyme coating. The protective catalase membrane consists of enough enzyme to consume double the amount of H2O2 (0.2 µM/µL) than the GluOx membrane creates (0.1 µM/µL). GluOx generates H2O2 at a rate that it can be almost entirely scavenged by catalase before reaching the sensor, but when H2O2 is injected directly onto the device the catalase cannot consume all of the H2O2 even with its rapid turnover [16] .
III. CONCLUSIONS
Here we show the feasibility and utility of integrating enzyme based chemical sensors into MEAs for tissue studies, addressing sensor sensitivity and selectivity as well as steps to mitigate oxidative stress on cells. Future work will include integration of single unit recording electrodes to monitor cellular response to glutamate injections [19] and optimization of enzyme loading in the protective catalase layer. In its current form, this platform is optimal for short term (<1 week) cell culture studies where spatial and temporal resolution are priority. 
